According to the no-hair theorem, astrophysical black holes are uniquely described by their mass and spin. In this paper, we review a new framework for testing the no-hair hypothesis with observations in the electromagnetic spectrum. The approach is formulated in terms of a Kerr-like spacetime containing a quadrupole moment that is independent of both mass and spin. If the no-hair theorem is correct, then any deviation from the Kerr metric quadrupole has to be zero. We show how upcoming VLBI imaging observations of Sgr A* as well as spectroscopic observations of iron lines from accreting black holes with IXO may lead to the first astrophysical test of the no-hair theorem.
Introduction
The no-hair theorem encapsulates the unique property of black holes in general relativity that these objects are completely and uniquely described by their masses and spins (Israel 1967 (Israel , 1968 Carter 1971 Carter , 1973 Hawking 1972; Robinson 1975 ). This theorem relies on the cosmic censorship conjecture stating that naked singularities have to be enclosed by an event horizon (Penrose 1969; see, however, Shapiro et al. 1995) and on the causality requirement that the exterior spacetime is free of closed timelike curves. Under these assumptions, all astrophysical black holes should be described by the Kerr metric.
While there has been, to date, a wealth of observations arguing in favor of the existence of black holes (e.g., Tremaine et al. 2002; Schödel et al. 2002; McClintock & Remillard 2006; Ghez et al. 2008; Gillessen et al. 2009) , there is no direct evidence yet for an actual event horizon, and various alternative explanations have been suggested (e.g., Friedberg, Lee, & Pang 1987; Manko & Novikov 1992; Mazur & Mottola 2001; Barceló et al. 2008; Yunes & Pretorius 2009 ; see also Psaltis et al. 2008) .
It is therefore incumbent to test the no-hair theorem observationally. The detection of gravitational waves from extreme mass-ratio inspirals with the Laser Interferometer Space Antenna (LISA) will be able to probe the immediate vicinity of supermassive black holes (Ryan 1995 (Ryan , 1997a (Ryan , 1997b Barack & Cutler 2004 Collins & Hughes 2004; Glampedakis & Babak 2006; Gair et al. 2008; Li & Lovelace 2008; Apostolatos et al. 2009; Vigeland & Hughes 2010) . Alternative tests include observations of stars on orbits very close to the galactic center Merritt et al. 2010) as well as of pulsar black-hole binaries (Wex & Kopeikin 1999) .
In Johannsen & Psaltis (2010a , 2010b , we analyzed a framework for performing a test of the no-hair theorem with observations of black holes in the electromagnetic spectrum. We used a quasi-Kerr metric (Glampedakis & Babak 2006 ) that parametrizes a potential deviation from the Kerr metric at the quadrupole order. We identified imaging observations of black holes using very long baseline interferometry (VLBI), as well as observations of relativistically broadened iron lines with the International X-Ray Observatory (IXO) and of continuum disk spectra as promising avenues for such tests.
Sgr A*, the center of the Milky Way, is the ideal candidate for VLBI imaging. This supermassive black hole has the largest angular size of any black hole in the sky (e.g., Psaltis 2008) . In addition, its emission at sub-millimeter wavelengths becomes optically thin (e.g., ) and is no longer obscured by interstellar scattering (e.g., Bower et al. 2006) . Finally, such observations are technically feasible (Doeleman et al. 2008; ).
Properties of Quasi-Kerr Black Holes
The quasi-Kerr metric of Glampedakis & Babak (2006) parametrizes a deviation from the Kerr metric by an independent quadrupole moment. In this parametrization, the quadrupole moment Q takes the form (Glampedakis & Babak 2006) 
where M is the mass of the black hole, a = J/M is its spin per unit mass, and ǫ is a dimensionless parameter expressing the deviation from the Kerr quadrupole moment. For a Kerr black hole, ǫ = 0. This approach is valid for slowly spinning black holes with values of the spin a 0.4M (Glampedakis & Babak 2006; Johannsen & Psaltis 2010a) .
According to the no-hair theorem, mass and spin are the only free parameters of a black hole, i.e., ǫ = 0. Therefore, with a measurement of the mass, spin, and quadrupole moment of a black hole we can test the nohair theorem. This framework allows either for a nullhypothesis test of the no-hair theorem within general relativity (Collins & Hughes 2004; Hughes 2006) or for a test of general relativity itself in the strong-field regime (Johannsen & Psaltis 2010a) . If a deviation of a multipole moment from the Kerr metric is measured, i.e., in our case a nonzero value of the quadrupolar parameter ǫ, there are two possibilities. If general relativity is assumed to be correct, then the compact object has to be of a different kind other than a black hole. On the other hand, if the object is otherwise known to possess an event horizon, then both the no-hair theorem and general relativity are incorrect. However, a nondetection of a deviation from the Kerr metric alone cannot give a definite answer regarding the validity of general relativity and the no-hair theorem, because a large class of alternative theories of gravity likewise predicts Kerr-type black holes .
As in Johannsen & Psaltis (2010a) , we term a black hole that is described by the quasi-Kerr metric a quasiKerr black hole, similarly to the term bumpy black hole (Collins & Hughes 2004; Vigeland & Hughes 2010) . A deviation of one of the multipole moments from their respective value in the Kerr metric changes the spacetime properties of quasi-Kerr black holes. These, in turn, directly affect observables. In Johannsen & Psaltis (2010a) , we identified a number of spacetime properties that are critical for a measurement of the black hole parameters mass, spin, and quadrupole moment, and we analyzed the dependence of these properties of the parameter ǫ.
The most important properties of quasi-Kerr black holes are the following: (i) The location of the innermost stable circular orbit (ISCO). This orbit is often taken to be the inner edge of the accretion disk of a black hole. For increasing values of the parameter ǫ, the ISCO is pushed to larger radii. (ii) The redshift of photons emitted from the accretion disk. For a photon emitted by a particle on the ISCO and observed at infinity, increasing the value of the spin augments the observed photon redshift, while increasing the value of the parameter ǫ decreases the observed redshift. (iii) The radius of the circular photon orbit. The projected location of this orbit along null geodesics marks the outer edge of the shadow of a black hole (Bardeen 1973) . Similarly to the location of ISCO, increasing the value of the parameter ǫ shifts the circular photon orbit to larger radii. (iv) Gravitational lensing. Close to the black hole the lensing of photons is either increased or decreased, depending on the value of the parameter ǫ and the direction of the spin (Johannsen & Psaltis 2010a ).
Testing the No-Hair Theorem Observationally
By measuring the mass, spin, and quadrupole moment of a black hole, we are in a position to test the no-hair theorem observationally. This can be done in terms of several observables which have the potential to be realized in the near future.
Rings of Light
Imaging observations of a black hole are expected to reveal its shadow which can be used to infer the mass, spin, and inclination of the black hole (e.g., Falcke et al. 2000a; Broderick & Loeb 2005 , 2006 ). In addition to these parameters, the shape of the shadow also depends uniquely on the value of the quadrupole moment (Johannsen & Psaltis 2010b ). In practice, however, these measurements will be model dependent (e.g., ) and affected by finite telescope resolution (e.g., Falcke et al. 2000a; Takahashi 2004 ). Thus, additional observations might be required such as a multiwavelength study of polarization (Broderick & Loeb 2006 ; see also Schnittman & Krolik 2009 .
In an optically thin accretion flow, photons can orbit around the black hole several times before they are detected at infinity producing a ring that can be significantly brighter than the underlying flow due to their long optical path (Bardeen 1973; Cunningham 1976; Luminet 1979; Laor, Netzer, & Piran 1990; Viergutz 1993; Bao, Hadrava, & Østgaard 1994; Čadež, Fanton, & Calvani 1998; Falcke et al. 2000b; Agol & Krolik 2000; Beckwith & Done 2005; Johannsen & Psaltis 2010b) . The shape and location of this "ring of light" depends directly on the mass, spin, and quadrupole moment of the black hole. Therefore, the promise for extracting these parameters from a measurement of the ring is high (see Figure 1) . In Johannsen & Psaltis 2010b, we explored in detail the dependence of images of rings of light on the mass, spin, inclination, and quadrupole moment of the black hole. The diameter of the ring of light as observed by a distant observer depends predominantly on the mass of the black hole and is nearly constant for all values of the spin and disk inclination as well as for small deviations of the quadrupole moment from the Kerr value. The spin of the black hole causes the ring to be displaced off center in the image plane with only a weak dependence on the parameter ǫ. In all cases, the ring of a Kerr black hole remains nearly circular except for very large values of the spin a 0.9M. However, if ǫ 0, the ring becomes asymmetric in the image plane. This asymmetry is a direct measure for a violation of the no-hair theorem (see Figure 2) .
Relativistically Broadened Iron Lines
Another observable are relativistically broadened iron lines emitted from the accretion disk of a black hole. The shape of these lines depends on the parameters of the black hole as well as on the geometry and emissivity profile of the accretion flow. The low-energy edge of such a line is determined by the location of the ISCO allowing for a measurement of the black hole spin (e.g., Reynolds & Nowak 2003; Fabian 2007; Nandra et al. 2006; Miller 2007; Brenneman & Reynolds 2009 ). In our framework, the line shape as well as the position of the ISCO likewise depend on the value of the quadrupole moment. Increasing the value of the parameter ǫ while fixing all other parameters leads to a narrower line shape (see Figure 3) .
Conclusions
Observations of astrophysical black holes open up a new window for testing one of the most intriguing predictions of general relativity, the no-hair theorem. In this paper, we reviewed a framework that allows us to perform such tests, and we identified two key observables.
Sub-millimeter VLBI is expected to be able to image the accretion flow around Sgr A* resolving the shadow of the black hole (Doeleman et al. 2008; . The ring of light of Sgr A* with its relatively large size and especially its high brightness depends directly on the mass, spin, quadrupole moment, and inclination of the central black hole, and its properties are (nearly) independent of the details of the accretion flow geometry. Therefore, the brightness profile of the ring remains constant over an otherwise turbulent accretion flow which makes it the ideal target for VLBI observations that by design require long integration times. Relativistically broadened iron lines will be observed with IXO providing an additional approach to testing the no-hair theorem. These observations will be complementary to the mapping of black hole spacetimes with LISA (see Hughes 2006) and the tracing of stellar orbits in close proximity to the galactic center Merritt et al. 2010) .
